Multiple myeloma can be categorized into hyperdiploid or non-hyperdiploid myeloma based on the number of chromosomes found in the tumor clone. Among the non-hyperdiploid myelomas, the hypodiploid subtype has the most aggressive clinical phenotype, but the genetic differences between groups are not completely defined. In order to understand the genetic background of hypodiploid multiple myeloma better, we compared the genomic (array-based comparative genomic hybridization) and transcriptomic (gene expression profiling) background of 49 patients with hypodiploid myeloma with 50 other non-hyperdiploid and 125 hyperdiploid myeloma patients. There were significant chromosomal and gene expression differences between hyperdiploid patients and nonhyperdiploid and hypodiploid patients. Non-hyperdiploid and hypodiploid patients shared most of the chromosomal abnormalities; nevertheless a subset of these abnormalities, such as monosomies 13, 14 and 22, was markedly increased in hypodiploid patients. Furthermore, deletions of 1p, 12p, 16q and 17p, all associated with poor outcome or progression in multiple myeloma, were significantly enriched in hypodiploid patients. Molecular risk-stratification indices reinforce the worse prognosis associated with hypodiploid multiple myeloma compared with non-hyperdiploid multiple myeloma. Gene expression profiling clustered hypodiploid and non-hyperdiploid subgroups closer than hyperdiploid myeloma but also highlighted the up-regulation of CCND2, WHSC1/MMSET and FGFR3 in the hypodiploid subtype. In summary, hypodiploid multiple myeloma is genetically similar to nonhyperdiploid multiple myeloma but characterized by a higher prevalence of genetic alterations associated with poor outcome and disease progression. It is provocative to hypothesize that hypodiploid multiple myeloma is an advanced stage of non-hyperdiploid multiple myeloma.
Introduction
Multiple myeloma (MM) is an incurable plasma cell malignancy which can be distinguished into two major subgroups based on the genetic abnormalities that all patients harbor; hyperdiploid MM (≥47 and <75 chromosomes; H-MM) and non-hyperdiploid MM (NH-MM).
1 NH-MM is further divided into three subgroups: hypodiploid (≤44 chromosomes), pseudodiploid (45-46 chromosomes) and near tetraploid (>75 chromosomes), where the last is regarded to originate from doubling of the hypodiploid and pseudodiploid karyotypes. 2, 3 H-MM has been defined by multiple chromosomal gains, preferentially of the odd chromosomes 3, 5, 7, 9, 11, 15, 19 and 21. 2,3 NH-MM has a high frequency of IgH translocations (14q32), which are thought to be early events in the disease. The majority of these IgH translocations have as partners one of three groups of proto-oncogenes: (i) the cyclin D family containing D1 (11q13; 15%), D2 (12p13; <1%), and D3 (6p21; 2%); (ii) MMSET/FGFR3 (4p16; 15%); and (iii) the MAF group containing MAF (16q23; 5%), MAFB (20q12; 2%) and MAFA (8q24; <1%). 4 Methods for determining DNA content and ultimately ploidy in MM include conventional cytogenetics, flow cytometry, fluorescent in situ hybridization (FISH), arraybased comparative genomic hybridization (aCGH) and recently, massively parallel whole genome sequencing. Studies employing high-resolution platforms for the detection of genome-wide copy-number abnormalities in MM have given more insight into the complexity of the disease. [5] [6] [7] The use of these platforms has clarified the fact that secondary chromosome aberrations are universal in MM but what role they have on tumor progression is still under debate. On the other hand, gene expression profiling (GEP) has been very useful in classifying MM into molecular subgroups mainly based on cyclin D expression, 14q32 translocations and the deregulation of genes on chromosome 1 heavily involved in proliferation. [8] [9] [10] Overall, NH-MM is associated with worse survival than H-MM. 2, 3, 11, 12 The aim of this study was to dissect the hypodiploid MM subgroup in order to identify the genetic relationships with the remaining NH-MM. We used aCGH to search for copy-number abnormalities and GEP to analyze risk-stratification gene signatures as well as differentially expressed genes.
Methods

Patients and sample preparation
Two hundred twenty-four patients with plasma cell neoplasms were analyzed, including 211 with MM, ten with smoldering MM and three with plasma cell leukemia. Of the 224 patients analyzed, 114 were untreated cases and the remaining 110 were previously treated patients. Data were obtained from the Multiple Myeloma Research Consortium genomics initiative (data available at http://www.broadinstitute.org/mmgp/home). All patients provided written informed consent to the use of their samples and the study was approved by the Institutional Review Board. Tumor cells were enriched with anti-CD138 + immunomagnetic beads (Robosep-StemCell Technologies) and stored in TRIzol ® reagent (Invitrogen), as we described previously. 13 Nucleic acids were isolated from TRIzol following the protocol supplied by the manufacturer. A more detailed description of the methods used can be found in the Online Supplementary Methods section.
Calculation of copy-number abnormalities using array-based comparative genomic hybridization aCGH was performed with a 244A microarray (Agilent Technologies). The digestion, labeling and hybridization procedures were done as previously described by us.
14 Microarrays were scanned with an Agilent DNA Microarray scanner and data were extracted with Feature Extraction Software. Extracted data were then read into Nexus Software (BioDiscovery). Copy number abnormalities were defined by using the Rank segmentation algorithm with a minimum of three probes per segment. Regions of gain were set at +0.25 for single copy gains and +1.2 for high copy gains. Deletions were set at -0.25 for single copy loss and -1.2 for biallelic loss. The chromosome number was estimated using ideograms. Deviation from diploid count was estimated by accessing the gain or loss of regions bordering the centromere (Online Supplementary Figure S1A,B) . Samples estimated to have ≤44 chromosomes were considered to be hypodiploid, those with 45-46 chromosomes were designated NH-MM and samples with ≥47 chromosomes were defined as H-MM. Segmented regions shared by >20% of hypodiploid samples were considered abnormal and listed as an aggregate while the minimal regions of aberrations within the aggregate are listed as peaks only (Online Supplementary  Table S1A ,B). The most frequent minimal regions found in hypodiploid cases were compared to those in the NH-MM and H-MM groups.
Gene expression profiling
GEP was performed on the U133A Plus_2.0 array (Affymetrix) following the manufacture's suggested protocol. We transformed the GEP data using a combination of algorithms as follows. First, data were pre-processed using the robust multiarray analysis algorithm. Independently, detection calls (present/marginal/absent) were obtained using the MAS5 algorithm. Raw intensity values obtained from robust multiarray analysis with the detection calls obtained from MAS5 were then merged. Data were filtered on flags, only including cases with present or marginal calls in at least 5% of cases. After filtering on flags, we focused the search on differentially expressed genes (>2-fold change). The analysis was performed for the comparison between ploidy groups, either including all cases or only the untreated MM cases.
Finally, the main gene signatures associated with outcome, including translocation/cyclin D (TC), UAMS 70-gene, proliferation, centrosome and NF-kB indices, were calculated as previously described. 8, 9, [15] [16] [17] 
Statistical analysis
Contingency tables using the c 2 statistic were used for comparisons between groups. Yates' correction was applied in cases in which at least one group had an expected count smaller than five.
Results
Ploidy and aberrant chromosomal regions
Overall, 224 patients with plasma cell neoplasms were analyzed, including 211 with MM, 10 with smoldering MM and three with plasma cell leukemia. The clinical, demographic and genetic characteristics of the entire cohort are shown in Online Supplementary Table S2 .
All abnormalities generated from the segmentation process can be viewed as a genome frequency plot of the entire cohort ( Figure 1 ). Samples were classified into ploidy subgroups as follows: 49 cases (22%) were hypodiploid with a median count of 44 (37-44) chromosomes, 50 (22%) were NH-MM but excluding hypodiploid cases, with a median count of 46 (45-46) chromosomes, and 125 (56%) were H-MM with a median chromosome count of 52 (range, 47-55) (Online Supplementary Figure S2 ).
Visual estimation of whole chromosome loss or gain and software generated minimal regions of aberration shared by ≥20% of hypodiploid MM cases are summarized in Table 1 H-MM. Additional information on the recurrent aberrations found in hypodiploid MM, including chromosomal position and genes involved, is shown in Online Supplementary Tables S1 and S3. As previously characterized, multiple copy-number changes, including multiple trisomies in odd chromosomes, differentiate H-MM from the remaining groups. On the other hand, hypodiploid MM and NH-MM share most of the abnormalities (mainly deletions) but there is a clear increase in the prevalence of a subgroup of them in hypodiploid MM (Figure 1) . Thus, monosomy 13 was the most frequent abnormality seen in hypodiploid MM, being found in 84% cases compared to 30% in NH-MM (P<0.001). Monosomy 
Gene expression profiling analysis
GEP data were available for all 224 samples. Differentially expressed genes were analyzed in pairwise comparisons (H-MM versus hypodiploid MM, H-MM versus NH-MM, and NH-MM versus hypodiploid MM). The top 15 genes with the greatest fold change in expression are listed in Table 2 and the remaining can be found in Online Supplementary Table S4A . Overall, 76 genes were differentially expressed (>2-fold change) between H-MM and hypodiploid MM (37 with increased and 39 with decreased expression). Of the 76 differentially expressed genes between H-MM and hypodiploid MM, 64% were also identified in the comparison between H-MM and NH-MM. On the other hand, only 25 genes showed a >2-fold change in expression in the comparison of NH-MM and hypodiploid MM.
Relevant genes that were found to be differentially expressed in hypodiploid MM compared with NH-MM included increased expression of CCND2 and FGFR3, and reduced expression of CCND1 in the hypodiploid group (Table 2) . In order to discard the effects of therapy, we reran the analysis only in untreated patients (Online Supplementary Table S4B) . By comparing 25 untreated NH-MM with 26 untreated hypodiploid MM, CCND2 and CCND1 remained the top differentially expressed genes between the hypodiploid MM and NH-MM groups. Other relevant genes found in untreated cases were higher expression of IL6R, BIRC3 and CDK6, and lower expression of CD28 in the hypodiploid group.
Gene indices and signatures
The main gene indices and signatures associated with outcome were calculated for all ploidy subgroups broken down into 114 untreated and 110 previously treated MM (Table 3) . Overall, gene indices and signatures confirmed that hypodiploid MM is the higher risk group compared with the remaining NH-MM. In untreated cases, hypodiploid MM showed a higher percentage of cases in the UAMS 70-gene index, although the difference was not statistically significant. The difference did, however, become statistically significant when previously treated cases were considered (61% hypodiploid MM, 28% NH-MM and 40% H-MM; P=0.02). Furthermore, there was a significant increase in cases with high centrosome index in the previously treated hypodiploid MM (61%), compared with NH-MM (12%) and H-MM (23%; P=0.001).
Considering the translocation/cyclin D (TC) classification among the three ploidy groups (Table 4) , 4p16 was enriched in hypodiploid MM (26%) in comparison to both NH-MM (8%) and H-MM (6%; P<0.001), 11q13 was enriched in NH-MM (54%) in comparison to hypodiploid MM (26%) and H-MM (5%; P<0.001), MAF showed no Table 1 . Copy number abnormalities of whole chromosomes and the most frequent minimal region cytobands affected in the hypodiploid group were compared between NH-MM and H-MM groups. A 20% cutoff was used to identify those considered abnormal in hypodiploid cases. "NS" (not significant). 
Chromosome Event Hypodiploid NH-MM
Cytoband Event Hypodiploid NH-MM Hypodiploid H-MM All groups N (%) N (%) vs. NH-MM N (%) (P value) (P value)
Discussion
There is an accepted dichotomy in MM that separates MM patients into two main ploidy groups, those with H-MM and those with NH-MM. The NH-MM group is further subdivided into three subgroups: hypodiploid, pseudodiploid and near-tetraploid. In this study we analyzed the hypodiploid MM subgroup in order to better characterize the genetic basis and understand the similarities with and differences from the remaining NH-MM cases.
Detection of ploidy has been historically challenging in MM. Conventional cytogenetics is hindered by the ability of the plasma cell to divide, resulting in an abnormal rate of only 20-30% [18] [19] [20] and no assurance that a metaphase even originated from the plasma cell clone. FISH on the other hand does not require dividing cells but it is imperative that only the clonal plasma cells be analyzed. Furthermore, FISH is not a discovery tool; it relies on other technologies to steer what to target and is laborious and informative for only a small fraction of the genome at one time. Efforts have been made, with some success, to develop a FISH panel for identifying H-MM; 21, 22 however, there is no probe combination capable of covering all karyotypic combinations. Using flow cytometry to measure DNA content has been fraught with technical issues and a tendency to underestimate hypodiploid MM. 23, 24 Like other technologies, aCGH has its own limitations, one of the most important being that only relative and not absolute copy numbers are determined. Since aCGH assay is based on the comparative hybridization of equal amounts of tumor and normal DNA, a tumor with a pure tetraploid (4N) karyotype will have half of the cells analyzed compared with a diploid (2N) control so the number of copies will be compensated and no DNA imbalances will be identified. This likely explains our inability to differentiate near triploid and near tetraploid samples along with the inability of aCGH to distinguish balanced translocations. Using aCGH, however, has proven to be a valuable comprehensive discovery tool not only in genomic characterization but also in sequential analysis focused on clonal evolution and disease progression. 25, 26 Although the sensitivity of aCGH is limited to abnormalities found in >30% of cells, a combination of aCGH for the initial comprehensive identification of abnormalities followed by the longitudinal screening of such abnormalities by FISH can be viewed as an attractive alternative for establishing clonal variation for a patient.
With the use of aCGH and GEP to characterize hypodiploid MM, we were able to show genetic similarities between NH-MM and hypodiploid MM, yet highlight the markedly higher prevalence of multiple abnormalities, such as monosomies 13, 14, and 22. Furthermore, several abnormalities associated with adverse prognosis such as deletions of 12p, 16q and 17p 5, [27] [28] [29] were also significantly more prevalent in hypodiploid MM than in the remaining NH-MM.
The genomic landscape of hypodiploid multiple myeloma haematologica | 2013; 98 (10) 1589 We also used GEP and risk-stratification signatures to differentiate hypodiploid MM better. Risk stratification signatures reinforce the outcome differences between hypodiploid MM and the remaining NH-MM, with aggressive disease markers being more evident in treated hypodiploid patients. In this study we found that CCND2 was one of the top genes with increased expression and CCND1 with decreased expression in hypodiploid MM compared to NH-MM. These differences were found independently of whether the entire cohort or only the untreated MM cases were analyzed. Chromosomal translocations directly leading to the dysregulation of CCND2 are rare in MM, but downstream (trans) expression is common with nearly all (67/68, 98.5%) patients with up-regulated CCND2 also having translocations of c-MAF, MAFB and FGFR3/MMSET. 30 Hurt et al. demonstrated transactivation of CCND2 by c-MAF. 31 CCND2 has been found to be the preferred cyclin D-type gene to inactivate Rb1 when paired with either cdk4 or cdk6 and associated with both proliferation and disease progression. 32 Furthermore, the proliferation-inducing ligand (APRIL) stimulates cell cycle progression in CCND2-positive MM cells but has minimal effect in CCND1-positive cells. 33 This may suggest a dichotomy with regards to cyclin D activation between hypodiploid MM (cyclin D2) and NH-MM (cyclin D1), giving a reasonable explanation why a higher frequency of t(11;14) is observed in NH-MM and why, overall, these patients tend to do better clinically. 29 In summary, we were able to better differentiate and describe the aggressive subtype of hypodiploid MM using a combination of aCGH and GEP. This approach could be used in most cases of MM, considering that only 0.5 μg of DNA are needed for aCGH and 50 ng of RNA for GEP. Hypodiploid patients account for one-fifth of cases of MM, are genetically similar to patients with NH-MM but are characterized by an enrichment of abnormalities associated with poor outcome and progression; we, therefore, hypothesize that hypodiploid MM is a more advanced clonal state of NH-MM ( Figure 2 ). As Darwinian principles of evolution are applied to understanding genome evolution we propose that shedding of redundant and dispensable genomic regions (such as duplicate chromosomes) is ultimately a hallmark of clonal evolution based on natural selection. This is a fundamental observation now that it is clearly recognized that all cancers have a subclonal nature and MM is not the exception. Clonal evolution and disease progression are thought to proceed with the malignant clone acquiring additional genetic events selected based on the clonal advantage they give. 34 This hypothesis is provocative and further studies are needed to confirm it, with the ideal approach being longitudinal analyses focusing on the dissection of the karyotypic evolution of this subgroup over time.
